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Regulator of telomere elongation helicase 1 (RTEL1) is a DNA helicase involved in telomere maintenance. 1, 2 Germline biallelic RTEL1 variants have been previously reported in a subset of patients with dyskeratosis congenita (DC) and its severe variant Hoyeraal-Hreidarsson syndrome (HH). [3] [4] [5] [6] Furthermore, germline heterozygous RTEL1 variants have been linked to a subset of patients with pulmonary fibrosis. 2, 7, 8 We have undertaken sequencing analysis (whole exome and targeted 9 ) of RTEL1, using genomic DNA extracted from peripheral blood of 429 patients from our international bone marrow failure registry which includes DC, HH, aplastic anemia (AA), and familial myelodysplasia/leukemia (MDS/AML). This has revealed that 35 out of the 429 patients have RTEL1 variants (Table 1) . Based on the minor allele frequency in the population reported on Exome Aggregation
Consortium database (ExAC -http://exac.broadinstitute.org/), the type of variant (missense, nonsense and indels), telomere length, the Combined Annotation Depletion (CADD) score 10 , and segregation as well as information found in the literature, we classified these variants into four different groups: (1) biallelic variants, (2) heterozygous loss of function (LOF) variants, (3) heterozygous missense variants of unknown significance (VUS) and (4) heterozygous missense bystander variants.
As a result, we have further defined the relationship between variants in the RTEL1 gene and this spectrum of disease. The initial disease association was made when biallelic RTEL1 variants were shown to cause early onset of a severe form of DC and HH. 3, 5, 6, 11 Here, we describe five new biallelic families ( Figure 1A and 1B), where the variants are believed to be disease causing in four (Families 1-4). Two families presented with AA, two with DC and one with HH (Table 1 and Table S1 ).
Interestingly, in one of these the index case presented with AA in adulthood. In the HH family (Family 5), we believe the homozygous RTEL1 variant is a bystander as it did not segregate with disease, being homozygous in both the index case, with severe disease in infancy, and in the asymptomatic 25 year old mother.
Three disease causing heterozygous LOF RTEL1 variants (nonsense and frameshift deletion) were found in patients from four unrelated families ( Figure 1B and 1C), one of whom presented with DC and the others with MDS and/or liver disease. Therefore, this extends the phenotypes associated with heterozygous loss of function RTEL1 variants to include late onset of MDS and liver disease ( Figure 1C and Table 2 ). This combination of hematological and liver disease is very reminiscent of that established for heterozygous variants in another telomere related gene, TERT 12 , which can also present with a severe early onset disease when the variants are biallelic. 13 The families we present clearly illustrate the variable penetrance of heterozygous RTEL1 variants. This is exemplified by Family 6 ( Figure 1C , p.R1010*)
where the index case had DC features, which did not become apparent until age 77 years. His daughter had liver disease at age of 52 years, and segregation analysis identified four asymptomatic carriers aged below 50 years. This family highlights not only variable penetrance of heterozygous LOF variants but also suggests a late onset disease predisposition. The same RTEL1 variant was identified in Family 7
( Figure 1C and . Thus, it is important to be careful when counselling families.
We have identified 14 unrelated patients (Table 1 and Table S2 ) with nine heterozygous missense variants we believe to be bystanders due to their occurrence at an allele frequency of more than 1 in 3,000 in the ExAC population. Additionally, 12 unrelated patients with DC (n=5), AA (n=5), MDS (n=1) and AML (n=1) were found to harbour rare heterozygous missense variants. We have classified these as variants of unknown significance (VUS) as they are either not seen in the ExAC population or are present at an allele frequency of less than 1 in 10,000 (Table 1 and Table S2 ). The average CADD score for these VUS (average 15.43, range 0.001 -33), is lower compared to those that we believe to be disease-causing (average 30.13, range 12.9 -37, Table 1 ). We also note that of the 15 heterozygous RTEL1 variants previously reported to be associated with pulmonary disease 2, 7, 8 , eight of them are missense.
We have measured telomere lengths by monochrome multiplex quantitative PCR 14 in peripheral blood DNA from all patients bar one, which had poor DNA quality (Table 1 and Figure 1D ). In agreement with previous studies reporting the impact of RTEL1 variants on telomere length, we observed that patients with biallelic variants and those with heterozygous loss of function variants had significantly shorter telomeres than controls as determined by the age-adjusted T/S ratio Previously we reported a recurrent missense variant p.R981W as a compound heterozygote in three young unrelated probands (under 12 years old) with HH. 3 Here, we observed the same variant in a heterozygous state in a 24 year old patient with AA from a consanguineous family (patient 14 in Table 1 and Table S2 ).
In this case, there is no strong evidence that this variant p.R981W is the cause of AA on account of the relatively high frequency of this variant in the ExAC population (6 in 119930 alleles). However, we do note the short telomeres in this patient and the very high CADD score of this variant, indicating the possibility that it acts as a risk factor for disease.
When a patient presents with an RTEL1 variant, a difficulty therefore arises as to whether or not it should be considered pathogenic, as there are a multitude of rare coding RTEL1 variants in the population at large. Using the ExAC database, the sum of number of very rare heterozygous coding alleles (at a frequency of <0.0001) is 1, 195 in an average of approximately 56,700 people. This is significantly lower than the number of very rare coding variants that we have identified in our cohort (22 in 429 patients, Fisher's exact test, P = 0.003), but on a case-by-case basis this background poses a problem. In addition to looking at the ExAC database for population frequency there are several parameters that we have used to assign pathogenic status. The association of the rare variant with the pathology is a given, if the patient under review is presenting with one of the RTEL1 related disease features. Telomere length measurement is now widely used and our experience here is that the heterozygotes, who are often more elderly, may have telomere lengths that are short, but not necessarily very short. We have also looked at T-circles 15 , and
shown that in some cases their presence is clearly increased where there is a loss of function variant compared to a common missense variant ( Figure 1E ). However, this test is not easy to perform and a normal range has not been established. The in silico prediction tools are helpful and improving, but remain a guide, and by no means a definitive test. Finally, the segregation of the variant with disease can be decisive. This is more often the case in exclusion rather than inclusion as we show in Family 5 ( Figure 1A and Table S1 ).
In summary, our study reports on several important observations. Firstly, heterozygous LOF RTEL1 variants are associated with myelodysplasia and liver disease in adulthood. Secondly, biallelic RTEL1 variants can present with just bone marrow failure in adulthood. Thirdly, many heterozygous variants and even some biallelic RTEL1 variants are bystanders. Therefore, in order to assign an accurate status to each RTEL1 variant, detailed clinical and laboratory studies are necessary.
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